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SUMMARY

Simultaneous measurements have been made of the
speed of jlame and the rise in pressure during explosions of
mixtures of carbon monoxide, normal heptane, ho-octane,
and benzene in a 104nch spherical bomb with central igni-
tion. From these records, fundamental properttis of the
explosive mixtures, which are independent of the apparatus,
have been computed. The transformation velocity, or
speed at which @me advances into and transforms the
explosive mixture, increases with both the temperature and
the pressure of the unburned gas. The rise in pressure has
been correlated with the mass of churge injamed to show the
course of the energy development.

Comparable mixtures of the three hydrocarbon fuels ez-
panded about the same amount upon burning and there-
fore developed about the same power, despite di~erences in
the rate qf burning. The addition of ethyl jtuid produced
no measurable change in flame speed over the range of
conditions studtid. None of the characteristics of normal
burning seems to give a clue a-s to the relative tendency of
jwls to knock. The observed values of pressure are lower
than these calculated on the assumption that reaction goes
to eqwilbrium uith<n a very short distance behind the $ame
front. This fact, together with other independent evidence,
points to a continued evolution of energy within gas that
hus already been traversed by @me.

INTRODUCTION

The practical objective of research on gaseous com-
bustion, from the viewpoint of the automotive engineer,
is the improvement of the combustion process as,a
source of power in engines. The character of the ex-
plosion greatly influences the power and efficiency and,
to a considerable extent, affects smoothness of operation.

Although the modern internal-combustion engine has
attained a high state of mechanical perfection, many
important details of its combustion process remain
obscure. Various means of controlling the explosion.
have been devised, but each improvement has increased
the d.ifliculty of further advance and emphasized the im-
portance of a more exact knowledge of the fundamentals
of the combustion process.
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The spread of flame in an engine cylinder has been
followed by various methods. The observed move-
ments, however, result from the simultaneous operation
of numerous factors that are not subject to inde-
pendent control. Thus the engine, with its highly
complicated combustion process, is poorly adapted to
fundamental studies aimed at the isolation and precise
evaluation of the separate effects of the operating vari-
ables. Recognizing this fact, the National Adviso~
Committee for Aeronautics has supported a continual
investigation at the National Bureau of Standards to
obtain such basic data for simpler types of explosions
under carefully controlled conditions.

Some of the more immediate objectives of these
studies are:

1. To provide additional information concerning the
influence of the mass motion of the gases upon the veloc-
ity of the flame.

2. To develop, facts that will help to evolve a clear,
general picture, on a molecular scale, of the process of
ignition and of the structure and the mode of propaga-
tion of flame.

3. To measure the transformation velocity, or the
speed at which flame propagates into and transforms
various explosive mixtures. This transformation veloc-
ity, as distiqy-ished from the more readily observed
speed at which flame moves in space, is a fundamental
property of the &ture that determines the rate of
pressure rise in an engine.

4. To evaluate certa.ti indexes of the inherent energy
of the explosive mixture, such as the expansion ratio
and the rise in pressure per unit mass consumed.

5. To determine, if possible, the individual effects
of charge composition, temperature, and pressure upon
the burning characteristics of various fuels.

6. To search for possible relations among the normal
burning characteristics of explosive mixtures, their
physical and chemical properties, a.ncl their tendency
to lmock in an engine.

7. To obtain additional evidence as to the presence
or absence of afterbusming; that is, of continued evolu-
tion of energy in gases already traversed by the flame
or, more exactly, the flame front.
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8. To study the period just after ignition, during
which the flame front has a positive acceleration.

Some of these objectives have been attained, either
in whole or in part, in the studies herein reported;
other of these objectives remain as subjects for future
investigation.

Perhaps the simplest method yet devised (references
1 to 6) for studying explosions is one that makes use of
a soap bubble blown with an explosive mixture and
tied by a spark at its center. High-speed motion
pictures of such explosions, which take place at con-
stant pressure, show that a tiny sphere of flame origi-
nates at the sparli gap and grows in radius at constant

Sphericolbomb

ture, and concentration of water vapor withiu the bubble
is impracticable. In addition, the method cannot be
used for fuels such as hydrocarbons that dissolve in the
soap iilru.

In order to extend the scope of the exTerhnents, it
seemed desirable to replace the soap fihn by a metal
sphere, in which initial charge composition, tempera.-
tue, and pressure could be controlled and varied over,
a much wider range than is possible with the bubble
method. In such a constant-volume bomb, provision
must be made for accurately and simultaneously
recording both the spread of the spherical flame surface
from the central spark gap and the resulting rise in
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FIGUREI.—Diagrammatic representation of apparatus.

speed, retaining its spherical shape until allthe mixture
is inflamed. l?rom photographic records showing the
outward movement of the flame front, it is possible to
compute an expansion ratio, namely, the ratio of the
volume of the ilnal ball of flame to that of the original
bubble, and the transformation velocity or the funda-
me~ tal speed of flame with respect to the explosive
mixture.

Values of these characteristics have been obtained
for a variety of simple gaseous mixtures, both with and
without the addition of inert gases to the fuel-o~gen
mixtures. (See references 1 to 7.)

The bubble, or constant-pressure, method has the
great advantage that it requires neither the measure-
ment of a rapidly changing pressure or of gas flow. It
yields, however, only mean values of transformation
velocity and expansion ratio for the entire explosion.
Independent variation of the initial pressure, tempera-

pressure. From records of this kind, instantaneous
values of several burning characteristics may be cal-
culated at any desired stage in the explosion.

This report describes the equipment and presents
the results that have been obtained to date with such a
bomb at the National Bureau of Standards.

APPARATUS

Briefly, the apparatus consists of a 10-inch spherical
bomb with a central spark gap, a window through
which the progress of the flame can be photographically
recorded, and six indicators of the elastic-diaphragm
type arranged to produce a record of the rise in
pressure on the same film. The essential features are
represented schematically in figure 1, which is largely
self-explanatory and to which references-will be made
as the constituent parts of the equipment are individu-
ally described.
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Spherical bomb.—l?igure 2 is a photograph of the
assembled bomb, rigidly supported on trunnions
provided with leveling screws by means of which the
narrow window is made vertical. The bomb itself
consists of two identical spherical segments of stainless
steel (internal radius, 12.243 cm.) between which the
window assembly is clamped. The window, a short
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Portions of the pressure indicators, to be described
later, are shown in figure 2. The firing electrodes and
the valves for introducing and withdrawing the gases
are concealed at the rear of the bomb. The central
spark gap is formed by two 0.5-millimeter tungsten
wires, entering radially-in the loiver rear quadrant of
the bomb.
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FIGURE2.—The spherical bomb.

cylindrical ring of pyrex glass, is supported in recesses
“in two staaess-steel rings and sealed with hard wax.

The inner surface of the glass window is flush with
the walls of the bomb, so that the combustion chamber
is spherical, except for the ~-inch cylindrical element of
glass. The supporting rings for the window are cut
away in front to make the full vertical diameter of the
bomb visible. Heavy bolts hold the parts of the bomb
together, except in the region through which the flame
is photographed, where a heavy clamp serves this pur-
pose without obstructing the view of the flame.

Camera.—Figure 3 is a ~enersl view of the apparatus,
showing the bo-mb and its auxiliary equipment on one
table and the camera on another. The essenti~ fea-
tures of the camera are shown diagrammatically in fig-
ure 1. A lens (I?3.5; effective focal length, 7 inches)
focuses the central plane of the bomb on a vertical ele-
ment of a motor-driven drum carrying a 3j&inch by 12%-
inch iibn. As the drum revolves about its vertical axis,
successive elements of the film are exposed to the light
that comes through the narrow window of the bomb
and produce a continuous record of the growth of the
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sphere of flame. A fixed vertical slit, 0.08 inch wide, is In operation, the shutter is initially placed in its
placed as near the iihn as practicable. to increase the limiting counterclockwise position (closed), the drum
sharpness and to control the timing of the image. is brought to the desired constant speed, and catch D,

Just ahead of the fixed slit is a slotted tube, which holding lever L in an inoperative position, is manually
rotates on a vertical axis to act as a shutter for the released. A stifl leaf spring then suddenly shifts the
slit. This shutter, ih effect, locates the image of the lever L, engaging pin P in the spiral A, which thereafter
fiing spark near the leading end of the iihu and lim- synchronizes the position of the lever with that of the

i

t

FIGURE3.—General view of apparatus.

.
the drum. The mechanism for controlling the opera-
tion of the shutter is mounted on the cover plate of the
camera, as shown in figure 4.

The coil springs C exert a couple tending at all times
to rotate the shutter S in a clockwise direction. The
times at which such rotation is permitted are fied by
an escapement lever E, the position of which is in turn

its the emosure to about four-fifths of a revolution of ! rotating drum. When th’e leading end of the film has
just passed the fixed slit, the lever L has pushed the
escapement lever E to such a position that the shutter
will be quickly opened by the springs C. In this posi-
tion, it is again stopped by the escapement lever, just
as one of the shutter arms to which the springs are
attached closes a contact that ties the charge in the
bomb. Further movement of the lever L does not alter

determined by the position of a second lever L. This I
lever L k actuated
engaged in a spiral
the film drum.

by means of a pin P, which can be
slot A in a disk rigidly attached to

.

the position of the escapement lever until the trailing
end of the film approaches the fixed slit. At this time,
the end of lever L moves off the escapement lever, per-
mitting a second clockwise rotation of the shutter to



FLAME SPEEDS AND ENERGY CONSIDERATIONSFOR EXPLOSIONS IN A SPHERICAL BOMB 43

the second closed position. The levers and the shutter
are easily returned manually to the cocked position.

A flexible sliding door of spring steel in the rear of
the camera case gives access to the drum, upon which
the ends of the flm are attached beneath inset metal
strips held in their slots by screws. The use of super-
sensitive panchromatic film requires that the film be
attached and removed in total darkness.

- ~ ‘----““’”---

~QURE 4.—ToP view of 2amera.

The film drum is directly connected to the armature
of a directicurrent motor, the speed of which may be
increased to approximately 4,200 r. p. m., correspond-
ing to a film speed of about 73 feet per second. An
electric tachometer is used to adjust the drum speed
preliminary to firing.

Pressure indicators.-Since satisfactory results re-
quire high accuracy in the measurement of pressure,
great care was taken in the development and the use of
the pressure indicators. The diaphragm type of indi-
cator was selected because of its inherent simplicity,
adaptability, and high sensitivity. Test experiments
showed that passages and backing disks could not be
tolerated on the exTlosion side; the diaphragms were

therefore mounted to form a part of the wall of the
combusion chamber.

The details of an indicator are shown in figure 5.
The spring-steel diaphragm D is clamped between the
two brass body parts C, and Cz through the right- and
left-hand threaded band B. The electrode E is threaded

(% tich, 48) through the lower part of the gland G and
is sealed against leaks by parafied leather packing P
above the thread. Gland G, and hence ako the elec-
trode, is insulated from the rest of the indicator by the
mica washers M and an air space. That part of the
electrode above the packing is threaded to accommo-
date the lock nut N, which removes backlash, and the
bakelite wheel W, which is graduated to provide for
measurements of static sensitivity of the indicator.
The stainless-steel contact F on the lower end of the
electrode is slightly conical, with the vertex of the cone
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FIGURE5.—DeMs of a pressnre indirator.

toward the center of the diaphragm. This contact
serves to support the diaphragm after the circuit is
closed and to conduct heat away when the flame reaches
the diaphragm. The ring R behind the diaphragm fixes
the effective diameter, -which in the experiments re-
ported herein was in every case % inch. The pressure
in the space behind the diaphragm, which may be con-
trolled through tube T, was always made negligibly
small by evacuation. All of the. parts are made of “
brass, except those already specified.
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I?relimi.nary tests indicated that steel diaphragms
0.002 inch thick and % inch in free diameter offered
a satisfactory compromise between sensitivity and
inertia effects, particularly when subjected to a high
initial radial tension. In order to introduce this tension,
the indicators, while loosely assembled without clamp-
ing the diaphragm, were cooled with dry ice. With
the body of the indicator at this temperature and with
a rod 1$(8 inch in diameter heated just above the
melting point of tin (232° C.) held iirmly against the
diaphragm, the band was tightened and the hot dia-
phragm clamped in the cold brass. Upon returning to
room temperature, the diaphraggn cooled and shrank
while its clamping rings warmed and expanded, leaving
the diaphraa- taut and flat. Some slipping of the steel
relative to the brass is thought to have occurred, inas-
much as the sensitivities of the indicators were nearly
alike after this treatment. Additional tension, with its
consequent decrease in inertia error, was introduced by
evacuating the space behind the diaphragms, thus in-
troducing an initial deflection.

Each indicator is attached to the bomb by eight stud
bolts, which pass through holes H in the indicator. By
means of appropriate steel sleeves S, the force holding
the indicator against the bomb is applied only to body
part Cl. Distortions of other parts of the indicators
are thus avoided. The seal to the bomb is made by
placing a thin gasket of soft aluminum between a flat
surface on the bomb and the V-shape bead on Cl.

Temperature control.—The pressure indicators, hav-
ing taut steel diaphragms in brass mountings, were
found to be quite sensitive to temperature. In order to
minimize errors from this source, the room in which
the bomb was used was provided. with refrigeration and
with automatically controlled compensating heaters.
The initial temperature of the bomb in all the experi-
ments herein reported did not vary by as much as
O.1° C. from 25° C. Such control effectively eliminated
errors that might have arisen in its absence.

Measurement of static pressures.-~ static pres-
sures were measured with a mercury manometer.
Recorded values of pressure are-in terms of mercury at
0° (2. and standard gravity.

Electrical circuit for indicators.-lh order to produce
a photographic record showing the exact instant at
which the diaphragm of an indicator made contact with
its insulated electrode, the arrangement shown in
figure 1 was used. Briefly, contact between diaphragm
and electrode removes the negative bias on the grid of
vacuum tube 2A3 acting as a relay, permitting the
plate current to flow through a crater-type neon lamp.
This circuit was found to have a time lag of only 13
microseconds and, since but a very small current passes
through the indicator contact, no difficulties with
fouling or pitting of the contacts have been experienced.

L~ht from the neon lamp shines through a pinhole
onto a mirror a~d is reflected into the camera lens

which focuses it, through the shutter and fixed slit, to
give a sharp line as the drum revolves. The origin of
this line (see fig. 6), which is sharp and readily measur-
able, shows when the explosion pressure has reached the
value for which the indicator was set.

Six similar indicators, each with its individual record-
ing circuit, provide for the establishment of six points
on the time-pressure curve for each explosion. Several
explosions from identical initial conditions are re-
quired to determine the entire pressure curve.

Time-signal system.—Time signals are recorded on
each film by a seventh neon lamp, which is made to
flash 1,056.7 times per second with driving equipment
also shown in figure 1. The oscillations of a small
tuning fork, driven by a 6-volt storage battery, me
transformed into electric impulses by a tiny micro-
phone. These impulses are amplified and then applied
to the grid of a vacuum tube, the plate current of
which lights the neon lamp in synchronism with the
fork. The frequency of the fork was measured by
comparison with the standard 1,000-cycle supply of the
National Bureau of Standards and found to be inde-
pendent of room temperature and driving voltage over
the ranges which were experienced in service.

Magnification factor.—It being necessary to convert
image size, as measured on the film, to actual size of the
sphere of flame, the magnification factor of the lens
system had to be determined. I?or this purpose, an
accurate steel scale, placed vertically at the plane of the
spark gap, was photographed through the window of the
bomb. l?rom this record, the ratio of image to object
size was measured along the entire diameter of the
bomb. The records having been photographed through
the window, the corrections included any distortions
due to imperfections in the glass. Additional correction
was also made for the fact that the sphere of flame
approached the camera lens as it grew in size.

PROCEDURE

Setting the indicators.-Prior to setting the pressure
indicators, the temperature of the room and the bomb
was brought to 25°C!. Compressed air was then slowly
admitted to the bomb until the pressure reached the
highest value to be observed during the particular
explosion. The electrode of an indicator was then
adjusted to the position where contact with the dim-
phragm was just broken by tightening the lock nut N
of figure 5. Admission of air was then continued vely
slowly until contact was remade, as indicated by the neon
lamp. The pressure at which the lamp came on was read
to the nearest 0.1 millimeter of mercury on a long
mercury manometer, which could be used for all pres-
sures up to 45 pounds per square inch absolute. The
?ressure in the bomb was then slowly decreased till the
amp went out and raised again as before, reading the
?ressure at the time of make. The process was repeated
.mtil several successive observations of pressure were
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within + 0.1 millimeter of mercury of the mean. The
mean was taken as the pressure for which the indicator
was set. The pressure in the bomb w~ then dropped
to the next value selected for observation, a similar pro-
cedure was followed insetting the second indicator, and
so on until all six had been set.

Preparation and introduction of explosive mixtures.—
In all the mixtures studied, the oxygen was present in
exactly the correct proportion for complete burning of
the fuel. Each mixture of CO and OZ contained 2.69
mole percent of HZO, since data on this particular
mixture were available from previous measurements
(reference 7). The results include data for this CO

tank into the evacuated bomb. In order to prepare
the mixture, the evacuated tad was connected to a
receiver containing the liquid hydrocarbon and to a
HZSO1 manometer. The hydrocarbon vapor was ail- “
mitted to a previously selected pressure as indicated
by the manometer. A mixture of N, and 02 containing
36.7 percent 0, was then admitted until the quantity
of oxygen was chemically equivalent to the hydrocarbon
present. The total pressure of the mixture was about
two atmospheres in each case, so that six or seven
successive runs from an initial pressure of one atmos-
phere could be made from one tank of mixture. After
the gases were admitted to the 25-gaJ.lon tank, the mix-

FIGURE6.—Tgpical explosion record.

mixture eqloded at initial pressmes of %, %, and 1
atmosphere and for dry mixtures of normal heptane,
iso-octane (2, 2, 4 trimethyl pentane), and benzene
with oxygen-enriched air, initially at a total pressure of
1 atmosphere.

The mixtures of CO, 02, and HZO were prepared in
the bomb itself from pure, dry CO made by dehy&a-
tion of formic acid, pure electrolytic oxygen, and
distilled HZO. The evacuated bomb was first con-
nected to a small flask of water and an oil manometer.
The water was admitted until its pressure, as indicated
by the manometer, reached 2.69 percent of the total
pressure which was to be attained. The CO and Oz
were then separately admitted until their partial pres-
sures were 64.87 and 32.44 percent, respectively, of the
contemplated total. At least 15 minutes were allowed
for mixing before the charge was fired.

The mixtures of hydrocarbons with enriched air were
prepared in a 25-gallon tank and withdrawn from this

ture was allowed to stand for several days, during which
time heat was applied at intervals to insure complete
mixing. Explosive mixture was withdrawn from the
tank into the evacuated bomb to the desired total
pressure.

Typical explosion record.—l’igure 6 is a full-scale
reproduction of a typical explosion record, the fuel in
this particular case being benzene. The entire travel
of the flame is shown from the spark, seen at the apex
of the symmetrical V-shaped trace, t.o the bomb wall.
Some extraneous light leaves an image outside the
bomb wall when the flame is nearly full size, probably
owing to reflections from black surfaces as the angle
of incidence approaches 90°.

Adjacent to the flame trace is the time record con-
sisting of a series of uniform dashes of known frequency.
Beyond are the six lines constituting the pressure
record. Relative positions of the fixed slit, the firing
spark, and the neon lamps were obtained by making



.
46 REPORT NO. 682—NATIONAL ADVISORY COMMITTEEFOR AERONAUTICS

the exposures shown near the center of the record with
the h stationary. Since the left edge of the slit
should be in line with the iiring spark for most accu-
rate timing, a small portion of t~ edge was cut away
in the neighborhood of the spark gap to insure that
the spark would al-ways appear in the picture. The
greater width of the sJit in this region accounts for the
brighter streak down the center of the flame record.
The electrodes at the spark gap photograph as a thin
dark line, which serves as an axis of zero flame dis-
placement.

The light streak extending across the figure is a still
picture of the fixed slit in the camera, the neon lights
of the pressure indicators, and the firing spark, made to
permit the evaluation of small corrections for lack of
alinement.

Measurement of the explosion records.—For pur-
poses of measurement, each ti was accurately dined
on a piece of finely cross-ruled paper from which points
on both upper and lower flame traces were read at
convenient small intervals. Values of flame radius,
twice read with the aid of a glass to the nearest 0.05
millimeter, were corrected for any distortion produced
by the window and foi the approach of the flame to-
ward the lens. Readings thus corrected were multi-
plied by a previously determined magnification factor
to yield actual values of flame radius. The distance
from the firing spark to each measured value of radius
was corrected for any misalinement of the firing spark
and the timing edge of the slit and then was converted
to its equivalent in time by multiplying by a factor
determined from measurements of the dashed time
record. A large-scale plot of flame radius in centi-
meters against time in milliseconds was then prepared.
Generally there was close agreement between the two
flame traces on a given record. Where any discrepan-
cies existed, the curve was drawn best to represent all
points. The flame traces thus obtained for the several
explosions under identical conditions showed small
variations but were, in most cases, practically parallel,
indicating that the differences were principally in the
very early stages, just after ignition. A mean time-
radius curve for each initial state was finally prepared
by averaging five or more individual flame traces.

The interval between the iiring spark and the record-
ing of each indicator was carefully measured on the
films, corrected for any misalinement of the spark and
the neon lamps as shown by the still pictures, and
converted to milliseconds. Corresponding values of
pressure and time for the several explosions at a given
condition exhibited the same small variations as -were
found for the several flame traces. The relation be-
tween pressure and flame radius, however, was very
consistent for all runs at a given initial condition,
indicating that variations between runs were due largely

to variations in flame speed, chiefly in the very early
stages, rather than to variations in the volume of
inflamed gas required to produce a given pressure rise.

The experimental data for a given initial state’ yield
(1) a composite curve of flame radius against time ob-
tained by averaging similar curves for from five to
seven explosions under identical initial conditions, and
(2) a set of from 30 to 42 corresponding values of
pressure and flame radius for the same explosions.
Pressure-time curves were obtained from the two rela-
tions previously described.

METHOD OF ANALYSIS

Equations by -which the desired characteristics can
be computed may be evolved if it is assumed that (1)
the flame front is at all times a spherical surface;.(2)
compression of the unburned gas is adiabatic, that is,
no radiation is absorbed and no heat is lost by con-
duction; (3) the gas mixtures obey the perfect gas
laws, except that spectroscopic values of specific heat,
which vary with temperature, are used; and (4) the
pressure at any instant is uniform throughout the entire
volume of the bomb. These assumptions are dl
reasonably correct, partic”tiarly for the first part of the
explosion.

Symbols.—The symbols heeded for the analysis and
used throughout this report have the following sig-
nificance:

R, radius of the spherical bomb (12.243 em.).
k, ratio of specific heat at constant pressure to that

at constant volume. The values of k used for the CO
and hydrocarbon mixtures at 25° C. are 1.396 and 1.389,
respectively.

The following symbols represent instantaneous values
at time t:

p, total pressure.
r, radius of the sphere of flame.
M, mass of gas mixture.
V, volume.
Ll, density.
lZ, expansion ratio (ratio of the volume of inflamed

gas at p to the volume of the s?me mass of unburned
gas at p).

8,, observed speed of flame in space ~$~.

~,, transformation velocity (velocity of flame relative
to the unburned gas).

&, velocity of the unburned gas at the flame front
(s,–s,).

The instant of ignition is considered the reference
zero of time. All properties of the gas mixture in its
initial state are known and will be designated by the
subsclipt O, whale those of the unburned and the burned
portions of the charge arc identified by the subscripts
u and b, respectively.
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Equations,-Suppose, as illustrated in figure 7, that
the flame front has a radius r at time t. In the next
increment of time o?t, the flame front, advancing into
the unburned gas at a velocity ~,, traverses a shell of
thickness S@. The total expansion occurring in time
dt within the sphere of radius r+Stdt increases the
total pressure by dp and forces the inner boundary of
the remaining unburned gas outward to r+dr. Since
the flame front moves a total distance dr in time dt,

dr
its instantaneous velocity in space is s,=~.

During the inflammation of the shell of gas of thick-
ness S& the remaining unburned gas undergoes an

FIGURE7.—Diagram for Purposes of mathematical analysis.

adiabatic volume change of —&P(dr—S,dt) in a total
volume of 4/37r(lt3-#). Applying the adiabatic law
in differential form to this compression,

dp kudVu 3k>(dr–~~t)..— — .
P vu (R3–r’)

Since J!3,=$ equation (1) may be rewritten

s. 3pkur2 dr =X
~= (R3–#) d~–

(1)

(2)

Values of ku for the unburned mixture were calcu-
lated from available data on specific heats. Other
quantities that appear in the definition of X in equation
(2) may be obtained from the explosion records.
Values of S. and dr/dp are the slopes of the radius-
time and the radius-pressure curves, respectively, and
may be obtained either by graphical methods or
through empirical formulations of the data.

I?rom equation (2), it is evident that

St= (x---y (3)
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Values of the transformation velocity (S,) calculated
from equation (3) are the instantaneous rates at which
the flame front advances into and transforms the
unburned charge.

The total mass of gas within the flame front is
M,= M,–4/3.(R3–r3)D. (4)

in which D. may be calculated from the adiabatic
law

(5)

The expansion ratio E at the prevailing pressure
may be calculated by the equation

E= ,9 (6).

()@l+
P

– (R3–r’)

ACCURACY OF THE OBSERVATIONS

Most of the important characteristics of the pressure
indicators and the recording systems have been pre-
sented in previous sections. Preliminary experiments
with diaphragms of diilerent diameters and different
thicknesses set to record the same pressure showed
that, in spite of the di.fTerences in weight and amount
of movement, the times of recording were very nearly
the same. It is therefore believed that inertia lag
does not introduce a serious error with any of the
diaphragms tried, and particularly that the %-inch
by O. 002-inch diaphragms under high initial tension
provide a satisfactory compromise between sensi-
tivity and inertia.

During each explosion, the diaphragms are sub-
jected to two sources of heat; namely, direct con-
duction” from the adjacent unburned gas and radiation
from the flame. It is believed that the time intervak
are too short to allow any appreciable heat flow by
conduction during the first part of the burning, while
there is not much change in the temperature of the
unburned gas. As the flame approaches the walls of
the bomb, however, the temperature of the remaining
unburned gas increases more rapidly, and its effect
upon the diaphragms may become appreciable. There-
fore, the accuracy of the pressures measured during the
very late stages of the burning may be somewhat
decreased.

Heating of the diaphragms by radiation, like the
heating by direct conduction, is very slight during the
early stages of the burning. Possible effects of radi-
ation were examined experimentally by polishing the
inner surfaces of some diaphragms and painting others
with optical black. With these indicators set to record
the same pressure, the black diaphragms were fairly
consistent in recording slightly earlier than the polished
ones but, in general, the differences were no greater than
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the accidental spread for identical indicators. Since
the absorption of the blued diaphragms is nearer that
of the polished than the black, it is believed that the
radiant heat absorbed by the blued diaphragms was
without significant effect upon the recorded pressures
until very late in the burning process.

The flame speeds in the mixtures studied are so small
compared-with the vetocity of sound that the calculated
values of the pressure gradients existing in the bomb
are within the limit of error of the actual pressure
measurements. Furthermore, it is probable that the
major portion of the gradient whkh does exist is con-
fined to the neighborhood of the flame front.

It is impossible to assign an absolute value to the
probable error in the values of pressure measured during
an explosion, but no reason has been found for believi-
ng that the average individual observation differs from
the true value by more than a few tenths of a millimeter
of mercury. The portion of this error that is acci-
dental, rather than systematic, should beat least partly
eliminated by the smoothing operations applied in
establishing the complete pressure relations.

The precautions and corrections applied in obtaining
values of flame radius have been discussed in a previous
secuon. Since the flame traces are continuous, an
i.dnity of measurements of each trace is possible.
Most of the error in measuring the fis is eliminated
by measuring the radius at a great many places on each
record and subsequently plotting and smoothing on a
scale about 20 times the image size. It seems reason-
able that the smoothed values of flame radius are not in
error .by more than 0.2 millimeter and that the error
rarely exceeds half this amount.

If, at any time, the flame trace ceases to be sharply
defined or if any deviation horn a truly spherical flame
occurs, the errors in radius are larger by amounts that.
cfumot be estimated. The appearance of such irregu-
larities is subsequently discussed.

It is realized that some heat is lost by radiation horn
the inflamed gas and that some of it may be absorbed
by the remaining unburned charge. The interior of the
bomb being polished, most of this radiant energy is
doubtless retained in the gases. The observed rela-
tions among pressure, radius, and time represent the
actual state of the charge in the bomb, including possi-
ble effects of radiation. Its effects will therefore be
reflected in the quantities derived from the observations.’
Data in the literature on radiation from the explosive
mixtures studied are not adequate to yield reliable cor-
rections at the present time. If, in the future, such
data become available, the derived quantities may be
recomputed. The best approximation for the present
seems to be entirely to neglect the effects of radiation,
untiI it is demonstrated that they are sibtificant.

Careful study of the smoothed results indicates

that the accidental errors may not greatly exceed 0.1
millimeter in ~ and 0.1 millimeter of mercury in p.
Although no effort has been spared to reduce the
systematic errors to these same limits, there is always a
possibility that not all such sources of error have been
eliminated. Even if the errors were actually within the
just mentioned li.inits, they still constitute a restriction
of the range over which desired characteristics may be
derived from the measured quantities. This restric-
tion results primarily from the fact that the volume (or
mass) of gas that has been inflamed must be calculated.
Any error in r is therefore multiplied by 3 when T is
cubed to get volume. Iln addition, the mass inflamed
during the early stages of the burning appears as a small
di.fl’erence between the large mass in the bomb and the
comparably large mass of the unburned charge re-
maining.

The effects of assumed constant errors of 0.1 milli-
meter in r and 0.1 millimeter of mercury in p upon the
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calculated values of the mass of charge inflamed Mb
for the case of CO—OZ explosions from an initial pressure
of one atmosphere are shown iu &ure 8. lt is readily
seen that, for very small values of pressure rise, the
observed values of both p and r would have to be much
more accurate than to the nearest 0.1 millimeter to
permit the ctdcdation of significant vahIes of Mb.
Thus it seems that at present there is little hopo of
obtaining sufficiently accurate measurements of either p
or ~ to be useful during the earliest part of the explosion.
For this reason, no attempt was made to measure values
of pressure rise of less than 1.0 centimeter of mercury,
at which condition the radius of the flame was about
4 centimeters.

Of all the possible sources of error that are known to
the authors, only two would tend to make the observed
value of pressure at any given value of flame radius too
low. These sources are inertia lag in the diaphragm and
time lag in the electrical circuits of the indicators.
Experiments have shown that the effects of these two
sources of error are negligibly small. It is therefore
concluded that, for a given value of ~, the observed
value of p is more apt to be too high than too low.
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Explosions OF CARBON MONOXIDE AT VARIOUS
JNITIAL PRESSURES

During the development of the apparatus and the
technique of securing and analyzing the observations,
moist mixtures of CO and Oz were used for several
reasons. The individual constituents are essily pre-
pared and handled in a very pure state and their mix-
tures in suitable proportions give a highly actinic flame
that is readily photographed. k addition, previous
measurements by the soap-bubble method furnished
data for comparison that were available for no other
fuel.

By the use of the apparatus and the procedure as
finally developed, a series of careful measurements was
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FIQUIIE9. –Experimental data for CO at three inftfal pressures.

made with equivalent mixtures of CO and Oz contain-
ing 2.69 percent of HZO, fired at initial pressures of %,

X, and 1 atmosphere. These results are presented in
tables I and II, and time-radius and time-pressure
curves, obtained by smoothing the experimental data
as described under Procedure, are presented in figure 9.
The analysis of these data illustrates the application of
the method and reveals some interesting characteristics
of the explosion process.

Flame speeds.—lk figure 10, values of S., Sti, and S1
for an explosion of the CO mixture at one-third atmos-
phere initial pressure are plotted against flame radius.
The data for one-half atmosphere initial pressure yield
curves having similar characteristics.

At the beginning of the explosion, the transformation
velocity is only a small fraction of the speed of flame
in space. The major portion of 8. is the relatively
high velocity S. at which the flame front and the un-
burned charge just ahead are pushed forward by the
expansion within the flame. This condition prevails
only while the volume of the flame is small compared
with the total volume of the bomb. As the burning
progresses and the flame volume grows, the effect of
new expansion in compressing the unburned charge
outward decreases, while the amount of movement of
the previously burned gas back toward the spark gap
increases. The outward gas velocity is thus diminished,
6nally reaching zero at the bomb wall. At this point
the flame advances in space through the last layer of
gas at the transformation velocity.

During the burning, the temperature and the
pressure of the unburned charge rise at an ever in-
creasing rate owing to adiabatic compression. l?igure
10 shows that the combined effects of these two operat-
ing conditions produce an increase in St.

It is obvious from the foregoing discussion that S.,
and hence S., are functions of the radii of both bomb
and flame. Both are also dependent upon S, because
S, determines the quantity of explosive mixture burned
in unit time. and thus the rate of outward motion due to

.
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FIGumr 10.—FIame speeds for CO at onethird atmosphere.

expansion. In addition, S. and S. are affected by the
amount of expansion per unit quantity of mixture
inflamed. Thus, of the three velocities S,, Su, and St,
only St is characteristic of the explosive mixture and
independent of the configuration of the combustion
chamber and the flame, except insofar as the chamber
and the flame affect the conditions in the neighborhood
of the reaction zone.

Inasmuch as the state of the unburned charge is
practically uniform throughout the early stages of the
burning, constant values of transformation velocity
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and expansion ratio might reasonably ‘be expected
during this period. Such constant values of both ~,
and E would result in decreasing values of & and i%
caused by groming values of flame radius. All the
experimental values of S., for both CO and hydro-
carbons, show, however, a marked increase d~~g the
first part of the explosion. It therefore follows that

3 flame rudius,cm

FIWJBEH.-Speeds of flame in spaca for 00 at )4, )4, and 1 atmosphere

S, or E, or both, must have values which, at the
start, are abnormally low but increasing.

Unfortunately, the increasing values of S. occur
shortly after ignition, during that part of the burning
for which, as illustrated in figure 8, a seemingly un-
attainable accuracy in the measurement of p and r is
required for the evaluation of St and 27. The factors
that produce the initial acceleration must therefore be
studied by some independent method.

In figure 11, the values of & for explosions of CO
mixtures from initial pressures of %, %, and ~ atmos-
phere are shown. The initial increase in S. becomes
greater as the initial pressure is decreased, a fact
previously observed (reference 8) during explosions in
a glass bomb. Other experiments (references 8 and 9)
have shown that the delay in attaining maximum
flame speed is also increased as the concentration of
water vapor in the CO mixtures is reduced.

A possible explanation of the delay period is that
some time is required for the reaction zone to attain an
equilibrium depth and structure. If the normal re-
action zone does have a considerable depth, the flame
front must travel at least this distance from the point
of ignition before an equilibrium structure can be fully
established. Previous to the attainment of the equi-
librium state, both S, and lZ may be abnormally low
and increasing toward their normal values. If this ex-
planation is correct, the depth of the reaction zone
would appear to decrease as the pressure of the un-
burned charge is raised and as the concentration of
water vapor is increased.

Ih figure 11, another abnormality in the movement
of the flame appears in the form of a temporary increase
in S, in the neighborhood of r= 9 centimeters for the ex-
plosion from an initial pressure of 1 atmosphere.

Similar humps were al-ways present in the cw+es for all
explosions, both CO and hydrocarbons, from a pressure
of 1 atmosphere, but none was ever found when the
initial pressure was % or % atmosphere. In the general
neighborhood of the hump, the photographic fl~me
trace changes from a sharp, distinct edge to a somewhat
blurred image. In some cases, the original trace not
only becomes indistinct but is gradually replaced en-
tirely by subsequent multiple traces. In figure 12, an
explosion record having such a broken and multiple
trace at point A, is shown. The effect is easily seen on
the orjginal negative but is more difficult to detect in the
reproduction.

The deterioration of the sharp flame trace and the
accompanying increase in S, suggest a change in the
structure of the reaction zone which increases S:. h
effect of this sort might result from a sudden change in
the regime of burning, such as would occur if new
reaction chains became predominant. J3xcitation of
the unburned gas by radiation might have such an
effect. Other possible causes are an unexpected de-
parture of the flame front from a truly spherical shape
or localized turbulence characteristic only of the ap-
paratus. Interpretation of the experimental data be-
yond the point where the hump appears on the IS’,
curves at 1 atmosphere initial pressure must await
further research to determine the nature of the dis-
turbance.

In figure 13, instantaneous values of transformation
velocity are plotted against total pressure for the CO
explosions starting at % %, and 1 atmosphere. The
curves for % rmd % atmosphere are s~ar and appe~r
reasonable, but that for 1 atmosphere reflects the hump
in the s, curve and therefore has a pecdiar shape.
Several isotherms have been drawn through points
corresponding to equal temperatures in the unburned
gas. A diagram of this sort would show at once the
independent effects of charge temperature md pressure
if these were the only operating variables affecting St.

Examination of the curves for the two lower pressures
and the lower portion of the curve at one atmosphere
reveals trends in St that are probably significant.
There is a definite increase in S, as the charge is com-
pressed adiabatically. In general, the chart indicates
also that JS’,increases with pressure at any constant
temperature, this effect being more noticeable at the
higher temperatures and pressures. At any constant
pressure, S, shows a definite increase with temperature.
Thus, there is evidence that transformation velocity is
increased by a rise in either the pressure or the tem-
perature of the unburned charge into which the flame
is advancing.

It has, been pointed out that flame speecls are ab-
normally low just after ignition and that, for the explo-
sions starting at one atmosphere, there is a sudden and
unexplained jncrease in flame speed at about 9 centi-
meters radius. Both of these effects probably involve
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FIGUBE12.—Irregrrlarflame treee, tgpibl of explosions from one atmosphere.

of flame speed.
The mass of gas within the sphere of flame at any

time may be calculated from the radius-pressure relation
by equation (4). In figure 14, the pressure rise is

/80
I ( I I 1

changes in St that are not directly associated with the will now be treated independently of any considerations
changes in temperature or pressure of the unburned
gas but instead appear to be functions of what might
be termed the ‘(stage of the explosion.” Thus, the
stage of the explosion, as represented by the size of the
flame, may, in effect, constitute a third variable,
exerting’ an influence that ca,nnot be isolated from the
data presented in figure 13.

Energy relations .—The stage of the burning probably
has more influence on the rate at which, energy is
developed during the explosion than on the trans..
formation velocity because the pressure rise reflects the
energy liberated throughout the entire volume of
inflamed gas, while the transformation velocity is
doubtless dependent only upon conditions in the near
neighborhood of the flame front. The energy relations
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plotted against the mass of gas inflamed for the CC
explosions from the three initial pressures. It is evidenl
that roughly the same rise in pressure results from th(
inflammation of a given mass of charge in each case
The small diilerences in the curves are believed to bt
of about the same magnitude as the experimental error
since the error is magged by cubing the observec
values of flame radius.

All three curves, however, have much smaller slops
than were expected. The three dashed lines in th(

Flame radius,cm

FIGURE15.—ExPerimental and theoretical pressure-radius refatiom for CO at thre[
initial pressures.

lower left-hand corner of figure 14 have slopes that were
calculated from purely thermal data for the early
stages of the burning on the assumption that the
chemical reaction goes to equilibrium in the flame front.
The slope of the dashed line for one atmosphere is in
good agreement with previous experimental results on
the total expansion of an identical mixture fired at
constant pressure in a soap bubble (reference 7).

The differences between the theoretical (dashed) and
the experimental (soIid) pressure-radius relations are
shown in figure 15 for the three series of explosions
with CO. Similar differences -were found later in
studies with hydrocarbon fuels. (See fig. 22.) At
every experimental point, the observed pressure is
lower and the observed radhu is higher than that
calculated for complete burning in the flame front by
an amount too great to be ascribed to experimental
error, unless some systematic error has been completely
overlooked. As previously pointed out, a thorough-
going search has failed to reveal any error of this sort.
l?igure 15 further illustrates the relatively high precision
of the experimental results.

The data, therefore, indicate that chemical equilib-
rium of the combustion products is not attained in a
very thin flame front, as generally postulated in theories
of normal burning. On the contrary, there seems to
be a delayed reaction and heat liberation which persist
within the inflamed gas for a considerable distance
behind the flame front. This concept of a deep reac-
tion zone, the thickness of which may vary with operat-
ing conditions, greatly complicates the interpretation
of the results. Thus the slopes of the experimental
curves of figure 14, which indicate the rate of pressure
rise per unit mass of charge inflamed, reflect not only
the energy liberated in the last increment of charge to
enter the flame but also the energy released in a zone
of unknown and perhaps changing depth.

A direct comparison of the energy relations as deter-
mined by the bomb and the bubble methods con be
obtained by calculating the expansion ratio B for the
early stages of the explosion in the bomb at one atmos-
phere initial pressure by means of equation (6). Such
calculations show that lZ for the explosion in the bomb
increases during the early stages and reaches a maxi-
mum of 6.2 when the flame radius is about .75 R. Ii
the bubble experiments, the value lZ=8.5 was obtained
for the over-all expansion of the same mixture. The
theoretical value lZ=8.3 was calculated from thermal
data on the assumption that the reaction goes to
equilibrium in the flame front. The close agreement
between the theoretical value of Z and that for the
bubble is to be expected, since the value for the bubble
is based on the completely expanded sphere of flame
and thus includes any expansion resulting from con-
tinued reaction after inflammation is complete. On
the other hand, the values of ~, calculated for a partic-
ular stage of the explosion in the bomb, do not include
the energy which is latent within the inflamed gases
and which is liberated later in the explosion. Thus,
the low values of lZ that prevail during burning in the
bomb may reasonably be attributed to the delayed
liberation of energy in the flame and are therefore
necessarily lower than the value obtained for the over-
all expansion in the soap bubble.

In order to secure additional and independent evi-
dence on the continued evolution of energy within the
inflamed gases, sometimes termed (‘af terburning,”
~bservations of the gas movements within the sphere
~f flame were made by foIIowing the bright trails left
)y burning minute particles of black gunpowder that
lad been suspended in the mixture.

In this experiment, eight human hairs, more or less
ymmetrically spaced with respect to the spark gap,
vere stretched horizontally across the bomb. At the
~enter of each hair, in the line of vision of the camera
hrough the window, a few finely ground particles of
)owder were attached with very dilute shellac.
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J?igure 16 is a photograph of a CO– OZ explosion from
one atmosphere with such an arrangement inside the
bomb. The hairs seem to offer no resistance to the
motion of the flame, while the powder seems to ignite as
soon as it is touched by flame and then to burn very
brightly. It can be seen that the hot gases from the
powder begin to move at once toward the center of the
bomb. This movement contimes for some time after
the flame hss reached the wall of the bomb, as indicated
a,t point A in the photograph. The outward motion of
the powder flame in the regions marked B is probably
the result of contraction due to cooling at the wall.

EXPLOSIONS OF NORMAL HEPTANE, ISO-OCTANE,
AND BENZENE

At the completion of the studies with CO, a series of
measurements with three hydrocarbon fuels was under-
taken. The presentation of the results with these fuels
follows the outline already used for CO, and many of
the details need not be repeated.

l?or the survey of the burning characteristics of hy-
drocarbons, the reference fuels normal heptane (zero
octane number) and iso-octane (100 octane number)
were selected because of their similar chemical proper-

MGURE16.—Movements within the inflamed gas.

Two possible effects could cause the flame gases to
move toward the center; namely, expansion in the
gases that surround them and contraction in the gases
that they enclose. Contraction in the enclosed gases
could occur only if the gas near the center were losing
heat by radiation at a seemingly improbable rate. It
is therefore believed that the continued movement of
the flame gases toward the center, after the flame hits
the wall, indicates continued expansion in an outer
shell of gas which has already been traversed by flame
and that figure 16 is thus visible evidence of afterburning.

It is further believed that the inward movement of
the central flame gas beyond point A cannot be due to
burning of the powder because such small amounts
were used and because the same movement of the flame
gas was observed for each of a number of simiky ex-
plosions where the powder was present at only one
instead of eight points.

ties but widely difFerent behavior in an engine under
knocking conditions. Benzene, having a very different “
chemical structure, was chosen because of its relatively
greater tendency to preignite than to knock. The
comparative burning characteristics of these three fuels
therefore seemed to be of considerable interest.

Preliminary experiments with the hydrocarbons
showed that mixtures with pure oxygen burned too
fast, whereas mixtures with air gave insufficient light
for satisfactory photographic recording. Since only
comparative results were sought, these difficulties were
avoided by making the explosive mixtures with air
somewhat enriched with Oz (36.7 instead of 20.0
percent), the fuel and 0, being always in chemically
equivalent proportions. For all explosions in this
series, the initial pressure was one atmosphere.

In a number of the figures that follow, the data
already presented for the CO, 02, H20 mixture explod-
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ing from one atmosphere are included to show the
“ comparison of the burning characteristics for this

radically different type of explosive mixture which
evolves roughly the same energy as the hydrocarbon
mistures.

The basic experimental data for the three hydro-
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FIGURElS.—Speed of flame in space for hydrocarbons.

carbons and CO are presented in’ tables I and II and
shown graphically in figure 17. Derived values of the

dr()speed of flame in space &= ~ are plotted in iigure 18.

The difi’erences among the four mixturw’ as represented
in these figures are far greater than the experimental
uncertainties. In general form, the spatial-velocity
curves are quite similar, each showing the initial

period of acceleration and the subsequent hump
described in detail for the CO explosions.

Although the observed speed 8. is, in general, a
function of the apparatus as well as of the mixture, the
maximum values of S’, shown in figure 18 are essentially
equal to the speed at which the flame travels outward
from a point of ignition in free space. This condition
is true because the maximum speed is attained before
the vwdls of the bomb exert a significant influence on
the expansion within the flame. Thus experiments
with the CO mixture at atmospheric pressure yield a
maximum value for & of 855 centimeters per second in
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FIGURE19.—Experinrentalpressure-radiusrelation for hydrocarbons.

spherical bomb, as compared with previouslythe -
measured values of 873 in a cylindrical bomb (reference
6) and 860 in soap bubbles (reference 7). The observed
maximum values of S. for the mixtures containing
benzene, heptane, and octane are 1,204, 1,114, and
1,036 centimeters per second, respectively. The variat-
ion in S. from fuel to fuel might result from differences
in expansion upon burning or in transformation velocity,
or both. It will be shown in the following figures that
the transformation velocity is largely responsible for
the observed differences in S.. ‘

For each experimentally determined pressure, a
corresponding value of flame radius may be had from
the explosion records. Every such point for all four
fuels is shown in figure 19 on a logarithmic scale.
Because of the large number of observations and the
close similarity of the results for all the mixtures, the
points for the various mixtures have not been sepa-
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The points for CO–OZ
me included, but it is accidental that they are so close
to those for the mixtures of hydrocarbons with enriched
air. This fact merely indicates approximate equiva-
lence in the total energy liberated. It is clear from the
figure that the expansion upon burning is about the
same for all mixtures.

This result is exactly true, within the limits of ex-
perimental error, for the early stages of the burning of
the hydrocarbon fuels. Here the experimental radius-
pressure relation is the same for all three fuels, as is
shown more clearly in figure 20, which also includes
the curve of expansion ratio against pressure as calcu-
lated by equation (6) at a pressure of one atmosphere.
During the later stages of the burning, small but con-
sistent differences in expansion became apparent when

F1OURE20.-Pressurc-redius and pressure-expansion ratio relations for early stages
of the bnrning of hydrorarbone.

the results for the separate fuels were individually
treated, using either graphical or empirical algebraic
formulations. The observed differences in & thus
appear to be due principally to differences in St through-
out the entire explosion and solely to this characteristic
in the early stages.

Curves of transformation velocity S, against pres-
sure for the four fuels are shown in figure 21. As
previously discussed for CO, these curves show a
general trend toward higher values of S$ with increasing
charge temperature and pressure and reflect the humps
in the S, curves. Efforts to explode the hydrocarbon
mixtures at low initial pressures to obtain data for
isolating the effects of temperature and pressure on St
were unsuccessful because, in almost every trial, there
was ignition both at the center and at the bomb wall
where the spark jumped about one-half inch from the
electrode to the ground.

The effect of the small differences in S,, shown in
figure 21, upon the speeds of flame in space can best be
illustrated by the following numerical example. At
r=3.6 centimeters and

4073000—41—5

p =78 centimeters of mercury,

the differences for benzene and octane are AS== 170
and AS~=3 1.6 centimeter per second. This ratio of
about 5.4 applies also to the differences between ben-
zene and heptane and between heptane and octane.
It is thus apparent that transformation velocity has a
very potent influence upon the speed at which flame
moves in space through an explosi~e mixture.
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FIGurur 21.—Tranaformation velocities in hydrocarbon mixtures.
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In figure 22, the rise in pressure is plotted against the
percentage of the charge that has been inflamed. The
curves separate somewhat as the burning progresses.
The dashed lines in the lower left-hand corner of this
6gure have the slopes that the experimental curves
should have initially if the chemical reaction went to
equilibrium in the flame front. The observed values
of pressure are always lower than would be expected on
the basis of this assumption. In this same connection,
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values of expansion ratio shown in figure 20 are low at
the start and increase to a- maximum of about 6.2,
which is considerably less than a theoretical value
greater than 10 calculated by assuming that equilibrium
is established in a negligible distance behind the flame
front. Thus, again in the case of hydrocarbons, it
appears that the acfmal reaction must continue for some
distance within the flame, as was previously concluded
in reference 10.

In figure 22, it will be noted that the experimental
curves are in the same order is the thoeretical curves;
that is, in the order of the ratios of hydrogen to carbon
in the fuels. This order seems logical since the d~socia-
tion of COZ is several times as great as that of H@
under the prevailing conditions.

In one experiment with normal-heptane, ethyl fluid,
in an amount equivalent to 5 milliliters per gallon of
liquid fuel, was added to the charge in the bomb. No
measurable change in flame speed resulted. The de-
posit left on the interior of the bomb clouded the window
so that it had to be cleaned. For this reason, the ex-
periment was not repeated.

A thorough examination of all the characteristics of
normal burning reveals that none can be correlated with
the tendency of the fuels to knock. In fact, the relative
behavior of all three fueIs in the bomb is so nearly the
same that high accuracy of the measurements is neces-
sary to show any differences at all in those characteris-
tics which are independent of the apparatus.

CONCLUSIONS

1. In all explosions that have been photographed,
there is a short period just after ignition -when the
velocity of the flame in space is abnormally low and
increasing. The duration of this period increases as
the initial pressure is made less. The rise in pressure
during the period of acceleration is too small to be
measured with sufficient accuracy to show whether the
low initial values of the speed of flame in space are due
to subnormal values of transformation velocity S’, or of
expansion E of the inilamed gas, or both. A possible
explanation for this peculiarity of the explosion records
is that some time may be required for the reaction zone
to attain an equilibrium depth and structure and that
the flame front must travel at least this far from the
spark gap before a steady state can be established and
before transformation velocity and expansion ratio can
reach their normal values. If this theory is correct,
the depth of the reaction zone appears to be greater at
lower pressures.

2. l?ollowing the initial period of acceleration, the
speed of flame in space reaches a maximum value that
is practically constant until the walls of the explosion
vessel begin to exert a significant influence on the out-
ward motion of the frame. This maximum value is a
complex property of the mixture, depending upon both

S, and 13 but independent of the apparatus when large
containers with central ignition are used. Essentially
the same maximum value for an equivalent mixture of
CO and Oz containing 2.69 percent of water has been
observed with a spherical bomb, a cylindrical bomb,
and with soap bubbles.

3. Cm-bon-monoxide explosions from initial pressures
of % and % atmosphere show no unexpected irregularities
in either the flame traces or the pressure records after
the initial period of acceleration. Analysis shows clear-
ly that, as the explosion progresses, the transformation
velocity and the speed of flame in space approach
equality, while the gas vehscity component of the for-
ward motion of the flame approaches zero at the bomb
-wall, in accordance with existing concepts as to the
movements of flame and gases during an explosion.

4. In all the explosions at one atmosphere initial
pressure, the flame trace becomes indefinite and the
speed in space shows a sudden increase when the flame
has traversed about three-fourths the radius of the
bomb. Apparently, the structure of the reaction zone
undergoes some change such as might result from the
establishment of new reaction chains, from a departure
of the flame front from a true sphere, or from local
turbulence. Until further research indicates the nature
and the causes of the disturbance, interpretation of the
data must remain uncertain beyond the point where it
occurs.

5. In all the explosions studied, there is a general
increase in the transformation velocity as the tempera-
ture and pressure of the unburned charge rise because
of the adiabatic compression.

6. In the explosions of CO and 02, which it was pos-
sible to analyze for the independent effects of tempera-
ture and pressure, both of these variables appear to
contribute to the increase in transformation velocity.
Some uncertainty in the magnitudes of the effects
arises from the possibility that other factors, associated
in some obscure way with the stage of the burning,
may influence transformation velocities to an unknown
extent.

7. Transformation velocities are lowest for the CO
explosions in spite of the fact that the CO was mixed
with pure Oz while the hydrocarbon mixtures con-
tained large quantities of ~Z.

8. For the hydrocarbons, the transformation velocity
is highest for benzene and lowest for iso-octtine, with
normal heptane intermediate. Addition of ethyl fluid
to the heptane mixture produced no appreciable change
in flame speed. Thus there appears to be no relation
between transformation velocity under the conditions
of the experiments and the tendency to knock.

9. In explosions of CO and 02, the pressure rise is
approximately the same for a given mass of mixture
inflamed, regardless of initial pressure. This result
was expected from theoretical considerations, since the
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only difl!erences must result from rather secondary effects
of temperature and pressure upon the chemical equili-
brium.

10. During the early, stages of the burning of the
three hydrocarbons, there is likewise no measurable
difl’erence in the pressure rise produced when a given
fraction of the charge is inflamed. Later in the burn-
ing, small differences do appear in the order of the
hydrogen-carbon ratio of the fuels, as might be antici-
pated from the thermal properties of the products of
combustion.

11. I?or all the explosions, the rise in pressure for a
given mass of charge inflamed is considerably less than
would be expected from calculations. based on thermal
data and the assumption that the chemical reaction
goes to equilibrium in a very thin flame front. The
results therefore indicate that the burning is not com-
pleted in a very shallow reaction zone but that reaction
and heat liberation continue for some time after the
flame front has passed.

12. Observations of the gas movements within the
sphere of flame, made by following the bright trails
left by burning particles of black gunpowder suspended
in the mixture, also indicate the existence of continued
reaction within the inflamed gases.

13. The experimental evidence indicating that the
deaction zone has a considerable depth tends to confirm
the explanation proposed in conclusion 1 for the early
reriod of acceleration of the flame.

National Bureau of Standards,
Washington, D. C:, September 28, 1939.
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TABLE I.—EXPERIMENTAL TIME-RADIUS RELATIONS

Mixture CO=64. 67

(.%%)+

CtHe=4.71
0z=32. 44

C7H16= 3.23 CJZ,a= 2 S6
02=34. 97

HzO= 2.69
02=35. 51 0;=35.65

N2=60. 32 F72=61.26 N~=61.49

Initial
pressure + ?4 I % 1 1
(atm.)

1 1

Time Flame radius
(millisec.) (cm.)

0..5 0: ;:; o. 2Q1 0:;;
1.0

0.529
.464

0:@J 0.423

. 62S
1.106

.770
k:

1.051
.912

1.709
1.103

1.505
1.449

1:%

2.5 1.209
2.304

1.456
2.051 1.S9S

3.0
1.805 2.903

1.523
2.609

1.617
2.415

2.286
3.5 1.847

3.510
2.191

3.104 2,933
2.714

4.0 2. lsl
4.112

2. 57s
3.720

3.141
3.451

4.5 2.524
: ~1

2.067
4. 27s

3.569
3.972

5.0 2.S76 3.361
4.635

3.995
4.469

3.235
5:8?s

3.753
5.379

4.425
5.005

:; 3. 59s
6.451

4.153
5.905

4.849
5.511

6.5 3.965
6.99S

4.552
6.411

5. 26s
5. 99s

7.0 4.331
7.528

4. 9%7
6.916 6.476

5.678
4.702

8.055 7.469
5.341

6.936
6. 07S s. 594

:: 5.073
7. S96

5.727 6.476
7.384

s. 5
9.125

5.443 6.105
s. 409

6.S63
7.835

9.625
5.614 6.4S4

8.913
7.235

S.266
10.082

:! 6. 17S 6.654
9.386

7.608
S.742

10.0
10.304

6.535 7.215
9.624 9.192

10.5
7.970 10.S90

6.6S6
10.215

7.566
9.614

11.0
8.317 11.240 10.571

7. W3
9.997

S.664
11.5

11.561 10.9@3
:% 8.240

10.349
9.035 . . . . . . . . . . . . . . 11.202 10.678

12.0 7.894 8.562 9.389 -------------- . . . . . . . . . . . ..- 10.98s
12.5 s. 212 s. S71
13.0

9.756 -----------.-- -------------- --------------
8.520 9.166

13.5 s. 625
10.101 -------------- -------------- . . . . . . . . . . . ..-

9.439
14.0 9.117

10.412 ..---..------- -------------- . . . . . . . . . . . . . .
9.705 10.700

14.5
-.-------.-.-- --..----...--- . . . . . . . . . . . ..-

9.400 9.960 10.967
15.0 9. 66s

-------------- ------------- - --------------
10.203

15.5
11.225 -------------- -------------- --------------

9.919 10.440 11.405
16.0

----...-.----- -------------- --------------
10.155 10.672

16.5
11.705 -------------- . . . . . . . . . . . . . . --------------

10.386 10.896 --.------..--- -------------- -------------- --------------
17.0 10.607
17.5

H. 111 -------------- -------------- -------------- --------------
10.622

18.0
11.327 -------------- -------------- -------------- --------------

11.026
18.5

11.605 -------------- -------------- -------------- --------------
11.228

19.0
11.760 -------------- -------------- -------------- --------------

11.422
19.5

11.970 -------------- -------------- . . . . . . . . . . . . . . --------------
11.612 -------------- . . . . . . . . . . . . . . -------------- -------------- --------------
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TABLE 11.—EXPERIMENTAL PRESSURE-RADIUS RELATIONS

Mtrtm’e
mole +
wcont)

Initial
ressrlro+ %
(rItIn.)

Pmssrn?.
cm. Hg.

abs.)

26.75
27.34
27.52
27.64
28.26
2S.61
29.83
30.w
3%27
37.39
39.70
44.21
51.16
58.23
60.30
65.42
69.97
75.35
8200
84.75
S3.72
93.34
99.61

106.89
;;; &J

129.34
139.21
149.72

-.--.-.-
--------
--------
-.------
--------
--------
--------
--------
--------

Raaiy

4. OMI
4520
4.830
4.815
6.290
5.550
6.160
6.470
6.970
3-077
;%

9.550
9.980

10.095
10.295
10.525
10.655
10.885
10.924
11.020
;: ~

H. 410
11.52s
lL 615
11.720
11.345
lL 975

--------
--------
--------
--------
--------

Pressnre
:@n.Hg.

abs.)

<0.11
40.70
4L 62
4206
::;]

46:44
49.16
M. 04
52.17
5228
56.24
56.35
80.24
62.33
68.co
71.02
71.21
75.22
36.51
80.58
8s.04
88.07
95.05

10288
106.85
117.11
117.59
lm. 11
127.98
134.43
14246
149.83
149.81
150.03

R&y

4.185
4.650
4.970
5. m5
6.205
6.330
6. 6S5
7.125
7.300
7.525
7.595
8.050
8.105
3.510
8.765
9.095
9.250
9.255
9.480
9.700
9.700

10.000
10.0Z3
10.215
10.415
10.575
10.78Q
10.730
10.7m
10.930
lL 085
IL ldl
11.315
lL 290
IL 260

------.-
--------
--------

?ressnre
m. Hg.
abs.)

n. 37
78.08
79.86
30.70
81.58
8261
34.17
86.28
87.13
38.93
90.27
90.70
91.92
94.72
97.11
99.94

100.14
103.07
;O&‘3J

110.12
111.52
114.91
117.79
120.97
125.81
127.74
129.87
123.62
138.37
140.77
141.79
148.23
166.27
100.66
175.57
180.91
159.33

1

R&y

3.275
3.630
4.295
4.685
4.815
5.080
5.435
5.725
5.9m
6.200
6. 3EQ
6.520
8.560
6.820
7.040
7. 3m
7.355
7.535
7.745

:&%
8.060
8.250
8.423
8.550
8.755
8.640
8.930
9.080
9.125
9.200
9.310
9.430
9.806
9.835

10.050
10.135
10.4nl

C6H6= 4.71
02=34.97
N2=86.32

1

Pressure
cm. Hs

abs.)

n-.22
79.07
8200
35.49
87.55
90.80
94.S3
98.34

IOLm
102.70
104.67
108.40
11231
115.97
lm. n
124.00
128.05
13Lm
13227
136.07
140.07
14207
145.73
149.88
153.00
157.46
158.30
162.18
167.00
171.52
176.2S
182.15
188.24
190.w
191.72
196.60
ml. 68
m7. 647

3.325
4. lm
4.945
5.745
6.050
6.410
6.915
7.140
7.370
7. 5s0
7.855
7.895
a 080
8.350
8.500
8.840
8.840
8.875
8.915
9.040
9. m
9.275
9. 45a
9.480
9.560
9.675
9.620
9.786
9. Sm
9.045

10.015
10.115
10.m
10.230
10.265
10.335
10.425
10.470

C7H16= 3.23
02=35.51
Nj=61.26

E’resanre
am. Hg.

abs.)

78.19
78.88
30.10
81.51
83.52
86.70
90.16
92.66
94.70
97.62
99.05

10209
104.80
110.52
117.14
119.81
124.43
132.80
139.79
143.74
149.43
156.24
;;; g

179.59
M5.m
198.26
264.21
211.62
225.03

. -------
--------
-----.--
--.-.-.-
--------
---.----

1

Radirrs
(cm.)

3. 6s5
4.030
4.400
4.817
5.275
5.855
6. 3m
6. 6W

%$’
7.265
7.440
7.670
8. om
8.397
8.400

:%
9.167
9.255
9.430
9.570
9.080
9.917

10.025
10.125
10.240
10.31m
10.456
10.560

----.-.-
--------
--------
--------
----.-.-
--------

c6Hl: =&.6&3

NI=61:49

1

Pr25snr0
:m. Hg.

abs.)

77.11
78.66
80.19
8278
82.70
85.19
86.83
w. 23
02.M
95.85
98.76
69.05

101.74
105.16
111.72
118.45
118.72
125.02
134.17
140.40
140.81
150.10
156.65
162.42
180.60
172.32
173.22
177.19
183.49
191.71
190.57
20!. 78
;;; ~

21i 17
222.33

. . . -----
--------

Radius
(cm.)

2. %36
3.850
4.470
6.140
5.095
5. 0C41
6.840
0.380
6.055
0. on
7.226
7.270
7.410
7.070
8.080
8. 4m
8.455
8.720
fLom
0.200
9.225
0.476
9.605
9. 6s5
0.805
0.835
9.016
9.065

10.110
10.235
10.280
10.410
10.4c41
10.465
10.646
10.606

--------
--------


